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Spin and charge excitations in optimally doped BjSr,CaCu,Og_ 5
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We present Raman spectra of low- and high-energy charge and spin excitatiopgSHCBCyOg_ 5 single
crystals with an optimized critical temperature of 95 K. The prominent feature of the high-energy background
at around 250 meV is a rearrangement of spectral weig;jnand A4+ B,4 symmetry below the critical
temperature, similar to the observations in underdoped and optimally dopgBiBa,Cu;O;_s compounds.
The B, 4 spectra can be attributed to magnetic scattering and exhibit below the critical temperature an increase
of scattering intensity indicating an enhanced magnetic coherence in the superconducting state. Scattering in
A,4 geometry reflects more incoherent electronic contributions. There, we observe a decrease of scattering
intensity for energies around 120 meV similar to the observations made in superconductor-insulator-
superconductor tunneling spectroscopy or at half that energy with superconductor-insulator-normal tunneling
spectroscopy and angle-resolved photoemission spectroscopy. The resonance enhancement of the rearrange-
ment is rather strong with a maximum above 2.71 eV laser-excitation energy. In the low-energy region, which
is influenced by the effects at higher energies, a gap featusggisymmetry is observed yielding a value for
the magnitude of the superconducting order parametér-e84 meV. This gap feature is influenced by the
orthorhombicity of the crystals and except for a small loss of spectral weight below 25 meV, no gap feature is
visible in A4 scattering geometry. Our experimental results raise questions about the applicability of the
conventional theories for the electronic Raman scattering of the cuprate superconductors, which neglect the
interplay between low- and high-energy excitatiof$0163-182¢08)05929-3

[. INTRODUCTION cursor phases of the HTSC are dominated by a broad anti-
ferromagnetic two-magnon excitation?°and sharp phonon
High-temperature superconductaitdTSC) reveal many  structures at excitation energies below 0.1V Whereas
unexpected properties when compared to traditional supethe observed spectral features and their line shapes in the
conductors that can be understood within the framework ofintiferromagnetic regime are understood to some extéfit,
the BCS theory. Clearly, two of the most important featureghe description of the high-energy response in doped and
are a predominantlg,z_, order parametér®**and the ex-  superconducting materials still causes severe probféms.
istence of strong antiferromagnetic short-range order in th&pon doping holes into the precursors, the high-energy ex-
cuprate superconductors. Another important aspect concerieftation broadens and shifts towards lower energies, but it
changes in the excitation spectrum at rather high energigsersists in the metallic phase even for optimally doped
below the critical temperature T() observed by sampled:3%®
superconductor-insulator-normal(SIN)  conductor and It is well established that in optimally doped compounds a
superconductor-insulator-superconductdS1S)  tunneling  signature of the superconducting gap for energies of the or-
spectroscopy, angle-resolved photoemission spectroscopyder of 2A can be seen in the Raman responseThe inter-
(ARPES,?® and Raman spectroscopifhese changes reveal pretation of the experimental data relies on theories that are
that the energy scale that describes the effects of supercohased on the approach of Klein and Diefersing the mass
ductivity is not uniquely set by the value of the supercon-part of the interaction of light with superconducting electrons
ducting order parametek but also by J, the value of the of a conventional electron gas exhibiting a gap in its excita-
superexchange energy. tion spectrum. Deverauwet al® have argued that the different
Raman spectroscopy is one of the experimental techenergies for the pair-breaking peak g, Big and B,y
niques providing information about low- and high-energy ex-symmetry seen in the superconducting state of the HTSC not
citations of the HTSC- It has clarified the importance of only indicate an anisotropic order parameter, but different
antiferromagnetic and charge excitations in this class of mafrequency dependencies can be expected in the limit of small
terials. The Raman spectra from the antiferromagnetic preRaman shifts fod- ands-wave order parameters. In particu-
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lar, for ad-wave order parameter one would expectah [ )
power law forB,, symmetry. However, experimentally it is - Hap= 050
found for BL,SrL,CaCyOg_s that an approximates® power © .

law applies for Raman shifts up to energies @f.2 Though 5 ’

some progress has been made in fitting the observed line g T .

shapes and reproducing the observed relative scattering in- 8

tensities for different polarization geometri@shese model st

calculations invoke neither interactions between low- and “fi ,

high-energy excitations, i.e., the incoherent part of the elec- ®

tronic response, nor any resonance Raman effects. The im- 5

portance of resonance effects for the gap feature has been E i

already demonstrated by Kanet al,?® who found for ;
TI,Ba,CuQ; that the intensity and the power law depends on e R
the laser-excitation energy. 90 91 92 W 94 9 9 97 98

Recently, Rbhauseret al. found in underdoped and op-
timally doped Y-123 compounds a superconductivity-
induced effect at high energies of the order of 250 meV, i.e., FIG. 1. Magnetically measured transition temperature of an op-
roughly at 8\.3%® The observed feature is very broad and for timally doped BSCCO-2212 single crystal, is 95 K, the transition
optimal doping it also influences the low-energy region.width is below 1 K.

Thus, this effect reveals a subtle aspect of the interaction
between the low- and high-energy excitations. geometries, we use the Porto notation as described elsewhere

Here, we present Raman spectra that illuminate the reln detail® The two important scattering geometries denoted
evance of changes indducdgd by sur;])e.rcgnductivity "]1 the h(ijghasz(x,y)?andz(x,x)?correspond for BSCCO essentially to
energy excitations and discuss their importance for under, : :
standing of the low-energy features in the context of chargé?glaraegep\;\}é’tgég év;r‘?]gr? ssshuifrpsmi?] i;?tt;ag? %il]\l,?:ilgﬁ .;?ethe

and spin excitations. = Moreover, we show thatyq,ghiy converted to meV when divided by eight.
superconductivity-induced effects at high energies are most

likely a general property of the HTSC as they occur in both
BSCCO0-2212 and Y-123 families of the cuprate supercon- ll. RESULTS AND DISCUSSION
ductors. We also try to make connections to the results ob-
tained by other experimental techniques, such as ARPE%
SIS, and SIN spectroscopy.

Temperature (K)

In Fig. 2 we present the low-energy Raman data from a
SCCO0-2212 single crystal using an excitation energy of
2.41 eV inz(xx)z and z(xy)z scattering geometry at tem-
peratures of 14 and 100 K. The spectra show the well-known
Il. EXPERIMENT symmetry dependencies of the phonon mddés.in B,

We studied single crystals of BBr,CaCyO;g 5
(BSCCO-2212 that were grown using a variation of the
travelling solvent floating zone process in a double-mirror IR
image furnacéNEC SC-M15HD modified with an external
homebuilt control for very slow growth. Growth was carried
out without solvent from high density, carbonate-free, single
phase rods. Absence of impurities, nearly perfect stoichiom-
etry, and high cationic homogeneity yielded sharp supercon-
ducting transitions at 95 K. The transition shown in Fig. 1 at
95 K has a width of less timal K and is the highest transition
temperature yet obtained from the pure BSCCO-2212 phase.

Raman spectra were recorded with a Dilor XY multichan-
nel set up equipped with a liquid-nitrogen-cooled backillu-
minated charge coupled device and corrected for the spectral
response as described elsewh&rduring the measure-
ments, which were perfomed on freshly cleaved surfaces, the
samples were placed in a closed-cycle cryostat and measured P SR SR SR B
over the temperature range from 10 to 300 K. We focused 0 200 400 600 800
the light from an Ar-ion laser with excitation wavelengths of
458, 476, 488, 502, and 514 nm to a spot of 10t diam-
eter using power densities of 10 to 50 WErifihis resulted FIG. 2. Raman spectra taken from 50 to 1000 &nn Ay,
in an effective temperature-dependent hedting between 5 +B,y and By, symmetry as denoted in Porto notation at 100 K
and 20 K calculated using the known thermal conductivity of(solid line) and 14 K (dots. The spectra reveal the well-known
BSCCO® In presenting the spectra, we give values for thesymmetry-dependent phonons and the opening of a g jrge-
effective temperatures. All spectra have been corrected fasmetry. The bold solid line is @2 fit to the data. The spectra are
the thermal-Bose factor. In order to denote the scatteringhifted upwards as indicated.

intensity (arb. units)

Raman shift (cm™)
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rearrangement
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FIG. 3. Raman data from 50 to 1000 cfin A4+ B,, andBy, FIG. 4. Raman data from 50 to 7500 cifor various tempera-

symmetry as depoted in Porto notation at 14 K The spectra reveg|jres. TheA, 4+ Ba, (solid line) andB,, (dotted ling responses are
the well-known mflgence of the orth.orh_omblmty on the phonons.scaled to match above 3000 cin The spectra are shifted upwards
The spectra are shifted upwards as indicated. and temperatures are given in the figure. The inset shows the inte-

rated difference for the different scattering symmetries, i.e., the
symmetry, hardly any phonon feature can be Observecfemperature dependence of the rearrangement.

Therefore, this scattering geometry probes predominantly the

charge and spin responses and enables us to identify unafart of the interaction of light with electrons in the solid can
biguously the pair-breaking peak and the correspondinge easily related to the band structéfeyhich in turn be-
power laws belowT .. The gap feature is clearly visible and comes influenced by the orthorhombicity.
appears around 500 crh leading to a maximum value of  Even more important is the influence of the Raman con-
2A/kgTc~7. The power law exhibits a nonlinear behavior tinuum, which exceeds energies of more than 1 eV, on the
and is to a good approximation proportional@d as indi-  pair-breaking peak. Figure 4 shows the high-energy con-
cated by the bold solid line. The absence of any clear gaginuum between 6 meV and 1 eV féx, 4+ Byy (solid line)
feature inA;4+Byg symmetry is remarkable, as a peak atand B, (dotg geometry. In order to show the effect more
slightly lower energies than fd8,q symmetry has previously ~clearly, we have scaled th&;,+B,, data with a common
been observed for single crystals withTa of ~90 K33  factor of 0.7G-0.05. At 3® K a constant and featureless
Instead, we observe a small decrease of spectral weight bbackground is visible, and both scattering geometries match
low 200 cniL. This reduction of spectral weight might indi- each other across the whole frequency range. This is very
cate an opening of a gap in this scattering geometry at muckimilar to the observations in underdoped and optimally
smaller frequencies than fdB;, symmetry and, in turn, doped Y-123 compounds’*3!*%Upon cooling no drastic
would indicate a much larger anisotropy of the order paramehanges are visible. BeloWw,, changes of spectral weight
eter than usually observed in other Raman experimiénts. occur in an energy range between 800 and 3000 cthat

The influence of the orthorhombicity on the Raman spec-are different inA;4+ B,, andB, 4 symmetry. This is, again,
tra is shown in Fig. 3. The dependence of the phonon modesnalogous to the rearrangement in underdoped and optimally
on thex andy directions of the crystal axis has been previ- doped Y-123 compounds. It is worthwhile to remark that the
ously observed by Liet al?? The modes at 129, 180, 295, traditional theories for the pair-breaking excitation neglect
and 630 cm® are especially strong in(yy)z geometry. In  any effects of the high-energy background on the low-energy

z(yx)?geometry the phonon at 285 cfis analogous to the region. However, from our measurments it is clear that there
strongB,, feature in YBaCu0,.22 Moreover, theB, , spec- is some interference between these two energy regions.

; - 6
tra reveal the influence of the orthorhombicity on the gap In the previous work of _Rluhauseret al. on the Y-123 ,
feature. The pair-breaking peak around 500" &ris more compounds, we have carried out an analysis of the experi-

. — . — mental data within thé-J model assuming an interaction
prononounced uz(xy); than' in z('yx)z geometry. Furthgr— Hamiltonian that consists of a superexcharigigin and an
more, the scattering intensities in the low-energy limit are

_ effective-masgcharge scattering term. The response func-
different for the two polarization geometries. 2(xXy)z ge-  tion R(w) can then be written asR(w)=R®\w)
ometry the intensity fluctuates around zero below 150tm RCha9q ¢, ) 4+ RSPIN-Chargg ) ) Here RSP w ) is the response
and exhibits more clearly @® power law than the scattering function of the superexchange mechanism alone leading to a
intensity in z(yx)z geometry, which is more linear and damped two-magnon feature aRd"%w ) is the response
whose scattering intensity is above zero for the lowest meafunction from the incoherent density of states of an uncon-
sured frequency of 45 cnd. An influence of the orthorhom- ventional Fermi  liquif® The interference term
bicity on the gap feature is not surpising, given that the mas&P""9%,) is due to mixed excitations of spins and
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R(w)= 2 Gul(oto)Go+)N(w,o). (1)
kk’ o

Herel'y «.(w,w") is the vertex part that describes the cou-
pling of light to the polarizability bubble, which is expressed
by the particle propagatorS (0 + ') and G ((w'). For
the particle propagators, Dyson’s equation applies, and for
o the vertex part, the Bethe-Salpeter equation applies. The
3 Bethe-Salpeter equation consists of a term representing the
bare vertex and a term that describes the interaction between
two propagators. A change of the response function can be
due to the propagators or the vertex part in Et). Of
course, different experimental techniques have different bare
P S vertices and the importance of vertex corrections can vary
0 2000 4000 6000 with the experimental probe. In a situation where strong con-
tributions of incoherent scattering need to be considered, it is
crucial not to neglect vertex corrections for, e.g., a Raman
FIG. 5. Raman data from 50 to 7500 chfor various tempera- €xperiment. Vice versa, for SIS tunneling spectroscopy one
tures. TheA4+ B,4 reponses are shown at 300($olid) and 105 K can safely use the bare vertex, since the two propagators of
(dots in (a) and 300 K(solid) and 14 K(dots in (b). The suppres- Eg. (1) belong to different parts of the material and the in-
sion of spectral weight is strongest around 1000 tin (b). teraction between them is small. Then the SIS tunneling ex-
periment essentially displays the joint density of states of an
eﬁl_ectronic response, just as an electronic Raman spectrum, if
dqye would be able to neglect vertex corrections. Therefore, it
IS very useful to compare both techniques in order to figure
out the contribution of the vertex part for the Raman spectra.
In SIS experiments a clear suppression of spectral weight
ving a minimum around 120 meV can be séeomparing
- ; Qvell with the energy scale observed in the Raman experi-
bility and might be related to the pseudogap reg?rrfles ~ ments, where the strongest suppression occurs around 125
expected, in the optimally doped BSCCO, this contnbutmnmev, i.e.. 1000 cm®. However, the width of the feature in
is clearly not apparent. BeloW,, the spin and charge sys- the SIS experiment is 90 meV or only a third of the width
tem become less coupled due to the termination of scatteringhserved in the Raman spectra. The latter is most likely re-
channels. Then the spectrum would be a simple superposited to the vertex part, since additional vertex corrections
tion of charge and spin contributions. Hence, we interpretvould have the tendency to smear out the suppression. For a
the broad peak around 1800 chin B,y geometry as a SIN experiment one of the propagators of Hdj) corre-
damped two-magnon excitation. This view is supported bysponds to a normal metal and its imaginary part is, in first
studies of Blumberg et al.?® who found in the approximation, constant. Hence, we are dealing with a sum-
BSCCO0-2212 system a shift of the two-magnon peak tomation over the imaginary part of the propagator represent-
wards lower energies which is consistent with the observaing the excitation in the superconductor. Therefore, the ex-
tion of the doping dependence of the two-magnon excitatiofperiment shows the density of states related to the
in Y-1237.9:1314 superconductor. The suppression of spectral weight as ob-

ing the observed symmetries separately. In Fig) @e dis- Present as well, but on a lower energy scale. However, this

play the A, + B,y symmetry for temperatures of 300 and energy scale should be comparable to the one observed by

105 K. Clearly, as mentioned before, no change is visibleARPES' Here, the measurements display the spectral func-

aboveT,. However, belowT,, Fig. 5b) reveals a suppres- tion A(k, w)<Im[G(k,w)] for selected momenta in the Bril-

sion of spectral weight starting below 1000 cThere is a Isouumrésgiiﬁ IonfdseeedétrZ?f,Ce?ﬁeor:,meennet?l tiﬁg?égliﬁzt ZTSV\V,E?
small enhancement of spectral weight around 4000*camd bp P 9 gy y

b 6000 crm h f 1h A .~ . similar®® This qualitative agreement between the different
above cm no change of the scattering Intensity IS o, herimental probes shows that the observed effects are

visible. When considering th&,, response as strongly re- yriven by the propagators of EL) and not predominantly
lated to the incoherent electronic properties of the cuprates, jhe vertex, even though the latter plays potentially an impor-
is quite tempting to relate our results to those obtained byant role for the line-shape discription in the Raman spectra.
ARPES, SIN, and SIS tunneling spectroscdpy.On these | the Raman experiment the decrease of scattering intensity
cases a suppression of the spectral weight related to the i A4 geometry is accompanied by the enhancement of the
coherent electronic states is also visible. Let us consider firglg scattering intensity. However, as discussed in the fol-
the situation as encountered by Raman spectroscopy. Thelewing, the latter scattering geometry corresponds to excita-
we couple the light to a polarizability bubble and the ob-tions having a magnetic rather than an electronic origin.
served scattering intensity can be expressed |&s) The effect of the superconducting transition on the mag-
«Im[R(w)] where netic excitations can be studied via tlgy geometry as

300 K Afha

100K (5%

intensity (arb. units)

Raman shift (cm'1)

charges. For underdoped compounds we have found an
hanced scattering intensity in an energy range between 1
to 300 meV for temperatures of 200 to 100 K, most likely
due toRSPIMeha9e, ) which was not observed for optimally

or overdoped samples. We have argued that this channel
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0 2000 4000 6000
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Raman shift (cm™) R

0 2000 4000 6000
FIG. 6. Raman data from 50 to 7500 chfor various tempera- Raman shift (cm'1)
tures. TheB,4 reponses are shown at 300 (Kolid) and 105 K
(dotg in (a) and 300 K(solid) and 14 K(dot9 in (b), respectively.
An enhancement of the magnetic scattering around 2000" ésn
clearly visible.

FIG. 7. Raman data from 50 to 8000 chrfor various excitation
energies. Thé\;4+ B,y (solid ling) andB, 4 (dotted ling responses
are scaled to match above 3000 ¢mThe spectra are shifted up-
wards as indicated. The effective temperature is 20 K. The inset
shown in Fig. 6. The assignment that magnetic excitationghows the resonance enhancement of the rearrangement towards a 3
are predominantly seen B,4 geometry is based on investi- eV laser-excitation energy.
gations carried out in the antiferromagnetic regime and in-
vestigations regarding the doping dependence of the olunderdoped Y-123 materials showing a similar resonance
served magnetic peaR$'* In the antiferromagnetic enhancemeri However, for optimally doped BSCCO-2212
precursor this selection rule is a direct consequence of ththe increase of scattering intensity is much sharper and stron-
commutation relation of the Heisenberg model of antiferro-ger than for the Y-123 system. The details of the resonance
magnetism and the Fleury-Loudon superexchange scatterirghhancement depend on the band structure of a given sys-
Hamiltonian. Figure @) shows results irB;; geometries tem. From Fermi-surface measurements it is known that the
taken at 300 and 105 K. The spectra reveal a flat featurelegsand structures of the BSCCO-2212 and the Y-123 systems
background decreasing with frequency. No change with temare indeed different’ Thus, different details of the reso-
perature is visible abovE.. Below T, in Fig. 6(b), a clear nance enhancements are expected. This may give valuable
enhancement of scattering intensity is visible in the fre-hints about the intermediate electronic states involved in the
quency range between 600 and 3000 ¢niThis enhance- scattering process as soon as a more detailed theory is avail-
ment of scattering intensity shows an enhanced coherence able. Since the triple-resonance thédrd/*8has been rather
the magnetic excitations, i.e., they are less damped. Combirsuccessful in describing the resonance enhancement in the
ing this with the reduced scattering intensity A3, geom-  antiferromagnetic compounds, and since the resonance be-
etry, we conclude that it is most likely that a reduction of thehavior is not radically changed in the doped systems, this
scattering intensity of the incoherent electronic backgroundheory might be a good start to improve nonresonant theo-
occurs. This follows because the magnetic and electronides.
systems seem to become less coupled. Therefore the scatter-
ing intensity resulting from the coherent electronic and mag- IV. CONCLUSION
netic systems is enhanced. The enhanced coherence of the
magnetic system is expressed by an increased scattering in- We have investigated the low- and high-energy spin and
tensity of the magnetic peak and the enhanced coherence oifiarge responses of fir,CaCuyOg_s single crystals with
the electronic system is expressed by, e.g., the existence ofaa optimizedT . of 95 K by Raman spectroscopy, varying the
pair-breaking peak around 500 cf Simple sum rules do temperature and the laser-excitation energy in order to clarify
not apply, since the Raman vertices coupling to coherent anthe influence of the superconducting transition on these ex-
incoherent states should be different. citations.

It is well known, that the two-magnon excitation becomes The low-energy data reveal a gap featureBip symme-
resonant towarsla 3 eVlaser-excitation energl/:18:24:353738  try around 24 =500 cm ! exhibiting aw® power law for the
This has been interpreted in terms of a triple-resonancetensity of the Raman shift below the gap frequency. This
mechanisnt*3"*Therefore, an important aspect is the reso-gap feature is influenced by the orthorhombicity of the crys-
nance enhancement of the rearrangement, as shown in Fig.tals, and except for a small loss of spectral weight below 200
The enhancement of the rearrangement towar@ eVexci-  cm 1, no indication of an opening of a gap can be seen in
tation energy is clearly visible in the data. In particular, theA,4+ B,y symmetry.
feature at 1800 cmt in B4 becomes enhanced as well. This  The high-energy data reveal a rearrangement effect in the
is qualitatively in good agreement with the study in slightly intensity of theB,4 andA,4+ B,y symmetries similar to the
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effect seen in Y-123 compoun8s® The low-energy border occurs along with the enhancement of scattering intensity in
of the effect is close to the region where the gap feature,; geometry, revealing an enhanced coherence of the elec-
occurs. The rearrangement has its maximum around 150@onic and magnetic excitations beloW . It seems likely

cm™* and extends to a roughly 3000 chRaman shift. We  that a description of the gap feature, without understanding

interpret this in terms of an interaction between the remainthe properties of the high-energy Raman continuum, is rather
ing antiferromagnetic order and incoherent electronic stategacomplete.

The resonance enhancement of the rearrangement supports
this assignment and is qualitatively in agreement with a prior
investigation carried out in slightly underdoped Y-123
compound$.

Our experimental results show that the rearrangement is M.R. thanks U. Merkt, A. Bock, G. Blumberg, R. Hackil,
likely to be a general property of the high-temperature superM. Norman, D. Manske, C. T. Rieck, S. Osterthun, and O. A.
conductors. It reveals a subtle interplay between electronielammerstein for many interactive discussions and their en-
and magnetic excitations. The decrease of scattering intertouragement. We acknowledge financial support of the DFG
sity in A;q geometry can be related to observations fromvia a grant of the Graduiertenkolleg “Physik nanostrukturi-
other techniques, namely, SIN and SIS tunneling spectrosrter Festkmper” and the NSF through the STCS via DMR
copy and ARPES. This decrease of intensityig geometry ~ 91-20000.
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